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Abstract
Soil bulk density (ρb) variations influence soil hydraulic properties, such as the water retention curve (WRC),
but they are usually ignored in soil-water simulation models. We extend the van Genuchten WRC model
parameters to account for ρb variations using a series of empirical expressions. WRC measurements made on
eight soils with various ρb and textures are used to calibrate these ρb–related empirical equations.
Accordingly, two approaches are developed to estimate WRCs of soils at various ρb. Another eight soils with a
wide range of ρb and textures are used to evaluate the accuracy of the new approaches. Approach 1 estimates
WRCs for each soil at various ρb using a WRC measurement made at a reference ρb and the soil texture
fractions. This approach gives reasonable WRC estimates for the eight validation soils, with an average root
mean square error (RMSE) of 0.025 m3 m-3 and an average determination coefficient (R2) of 0.94. For
Approach 2, a WRC measurement made at a reference ρb and one additional water content-matric potential
value measured at a different ρb value are used, which produces WRC estimates with an average RMSE of
0.017 m3 m-3 and an average R2 of 0.97. The methodology used in Approach 2 is also applied to the Brooks
and Corey WRC model to obtain accurate and precise WRC estimates. The proposed approaches have the
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by transient and variable ρb.
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Key points:  
 Soil bulk density variations have significant impacts on water retention curves 
 Parameters used in the van Genuchten soil water retention model are related to bulk 
density 
 Two approaches are developed to estimate water retention curves of the soils at 
various bulk densities 
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Abstract 
Soil bulk density (ρb) variations influence soil hydraulic properties, such as the water 
retention curve (WRC), but they are usually ignored in soil-water simulation models. We 
extend the van Genuchten WRC model parameters to account for ρb variations using a series 
of empirical expressions. WRC measurements made on eight soils with various ρb and 
textures are used to calibrate these ρb–related empirical equations. Accordingly, two 
approaches are developed to estimate WRCs of soils at various ρb. Another eight soils with a 
wide range of ρb and textures are used to evaluate the accuracy of the new approaches. 
Approach 1 estimates WRCs for each soil at various ρb using a WRC measurement made at a 
reference ρb and the soil texture fractions. This approach gives reasonable WRC estimates for 
the eight validation soils, with an average root mean square error (RMSE) of 0.025 m
3
 m
-3
 
and an average determination coefficient (R
2
) of 0.94. For Approach 2, a WRC measurement 
made at a reference ρb and one additional water content-matric potential value measured at a 
different ρb value are used, which produces WRC estimates with an average RMSE of 0.017 
m
3
 m
-3
 and an average R
2
 of 0.97. The methodology used in Approach 2 is also applied to the 
Brooks and Corey WRC model to obtain accurate and precise WRC estimates. The proposed 
approaches have the potential to be incorporated into simulation models for estimating soil 
hydraulic properties that are affected by transient and variable ρb. 
Key words: soil water retention curve, van Genuchten model, bulk density.  
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1. Introduction  
Soil bulk density (ρb) changes with time and space due to human disturbance and 
environmental effects (Timm et al., 2006; Logsdon, 2012; Tian et al., 2018). Human factors 
(e.g., traffic compaction, tillage operations, irrigation) can induce significant temporal 
changes of up to 60% in land surface ρb (Osunbitan et al., 2005; Strudley et al., 2008). 
Natural factors (e.g., precipitation, root growth, drying and wetting cycles, clay shrinking and 
swelling, freezing and thawing processes) can also cause substantial temporal and spatial 
variations in ρb and soil structure (Radke & Berry, 1998; Rajarama & Erbach, 1999; Strudley 
et al., 2008; Alaoui et al., 2011).  
As a consequence of spatially-variable and transient ρb, extensive space-time variations 
have been observed in soil hydraulic properties (Strudley et al., 2008; Alaoui et al., 2011; 
Zhang et al., 2017). The saturated soil hydraulic conductivity has been reported to decrease 
with increasing ρb over time after cultivation (Osunbitan et al., 2005). The unsaturated soil 
hydraulic conductivity, however, was shown to be spatially variable and transient, and had no 
clear trend due to ρb variations under different tillage treatments (Alletto & Coquet, 2009). 
Soil water retention characteristics at large and small soil water matric potentials were shown 
to have opposite responses to changes of ρb induced by traffic compaction or tillage 
operations (Richard et al., 2001; Osunbitan et al., 2005; Strudley et al., 2008). Smaller soil 
water contents were observed in soil samples with larger ρb at relatively large values of 
matric potential, but an opposite trend was observed at relatively small values of matric 
potential (Osunbitan et al., 2005; Peña-Sancho et al., 2017). The slope of the soil water 
retention curve (WRC) was also found to be significantly influenced by ρb (Dexter, 2004a). 
In addition, soil water-holding capacity and infiltration rate and capacity also exhibited 
complex responses to variations in ρb caused by traffic compaction, tillage, topographic 
variability, or rainfall-induced surface sealing (Assouline, 2004; Strudley et al., 2007; 
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Mohammadshirazi et al., 2016; Pan et al., 2017). It is necessary to relate soil hydraulic 
properties to ρb for improved understanding and prediction of water, solute, and gas transport 
in soil. 
Or et al. (2000) and Assouline (2006a) developed several approaches for relating saturated 
and unsaturated soil hydraulic conductivities to ρb. Approaches for modeling the relationship 
between ρb and the soil WRC have also been reported (Ahuja et al., 1998; Assouline, 2006b). 
In these studies, parameters in the Brooks and Corey (1964) and the Assouline et al. (1998) 
WRC models are correlated with ρb, and the relations are used to estimate WRCs for soils 
with a range of ρb values. However, the relationships between ρb and parameters of another 
widely used WRC model, the van Genuchten (1980) function, have not been fully developed 
(Stange & Horn, 2005; Gregory et al., 2010). The van Genuchten (1980) model has been 
widely used in soil water flow simulation models, e.g., SOIL (Jansson, 1998), HYDRUS 
(Šimůnek et al., 2005), DPOR-2D (Szymkiewicz et al., 2008). The model has also been 
applied to modeling soil gas permeability, shrinkage curves, penetrometer resistance, and 
physical quality indices (Dury et al., 1999; Dexter, 2004a and 2004b; Peng & Horn, 2005; 
Gao et al., 2016). By combining with the Burdine (1953) model or the Mualem (1976) model, 
the van Genuchten (1980) WRC model can be applied to predict soil relative hydraulic 
conductivity. For these practical applications, the parameters used in the van Genuchten 
(1980) function for soils with different ρb were generally obtained by fitting the model to a 
series of WRC measurements. This is time consuming, and it fails to model physical 
processes in soils with continuously changing ρb. Thus, there exist needs to relate the 
parameters of the van Genuchten (1980) WRC model to ρb and to develop approaches for 
estimating WRCs at various ρb values in order to enhance and simplify the modeling of water 
flow in soil systems with variable and transient ρb. 
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The objectives of this study are to: (1) extend the van Genuchten (1980) WRC model to 
take into account the effect of ρb variation; (2) introduce two approaches for estimating 
WRCs for soils over a range of ρb values; and (3) evaluate and compare the performance of 
the two approaches for estimating WRC by comparing estimates with independent 
measurements.  
2. Materials and Methods 
2.1 Theoretical hypotheses 
The van Genuchten (1980) function for characterizing WRC is given as follows, 
    
    
     
  
 
         
 
 
 (1) 
where Se is the effective degree of saturation, θ is the volumetric soil water content (m
3
 m
-3
), 
θs is the saturated soil water content, θr is the residual water content, ψ is the soil water matric 
potential (kPa), and α, n, and m are empirical shape parameters. The parameter m is 
commonly expressed as m = 1−1/n. 
The four parameters, θs, θr, α, and n, used in the van Genuchten (1980) WRC model can be 
determined by fitting the model to WRC measurements. It is necessary to relate the four 
parameters to ρb if the effect of ρb on WRC is to be considered. We propose the following 
hypotheses for the correlations of the four parameters to ρb: 
(1) θs is often measured as the difference in mass-per-unit-volume between a saturated soil 
sample and an oven-dried soil sample, or it is set to be equal to the total soil porosity, η 
(Rawls et al., 1982): 
        
  
  
 (2) 
where ρs is the soil particle density (Mg m
-3
). 
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For field soils, however, θs has generally been observed to be about 5 to 10% smaller than 
η due to entrapped or dissolved air (van Genuchten et al., 1991). The proportion of η 
occupied by the entrapped or dissolved air, Pa, may vary with ρb due to soil structure changes 
induced by compaction. In our study, we assume that for a specific soil, Pa values are the 
same for different ρb values (Assouline, 2006b). Thus, θs is related to ρb as follows, 
 
   
   
 
        
        
 
      
      
 (3) 
where the subscripts 0 and 1 refer to parameters at two different ρb conditions, ρb0 and ρb1. 
We use measured θs values to verify the assumption and the accuracy of Equation (3) 
estimates. 
(2) θr is treated as a water content at which soil hydraulic conductivity approaches zero 
(van Genuchten et al., 1991). The variation of ρb should have little influence on θr when it is 
expressed on a mass basis (i.e., g of water per g of dry soil) because θr is considered to 
depend mostly upon the surface area of soil particles (Tuller & Or, 2005). Thus, volumetric θr 
is related to ρb as (Assouline, 2004, 2006b), 
 
   
   
 
   
   
 (4) 
(3) The parameter α is considered to be equivalent to the reciprocal of the soil air entry 
value (ψa), which is used in the Brooks and Corey (1964) WRC model (Morel-Seytoux et al., 
1996; Assouline & Or, 2013). Mualem and Assouline (1989) and Assouline (2006b) 
presented the following relationship between ψa and ρb. 
 
   
   
  
   
   
 
 
 (5) 
where ω equals to 3.72 or 3.82 according to their studies. Because of the parameter 
equivalence, α is related to ρb as follows, 
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 (6) 
(4) The parameter n has been reported to be linearly related to ρb (Assouline et al., 1997; 
Fu & Shao, 2007; Jiang et al., 2017), 
         (7) 
where A and B are empirical parameters. 
Parameters A and B have been observed to vary with soil types, and, to date, no method is 
available for estimating these parameters (Fu & Shao, 2007). In addition, researchers have 
reported that n or mn (i.e., n-1) can be correlated with soil texture fractions (Zacharias & 
Wessolek, 2007; Weynants et al., 2009; Chen et al., 2017), but ρb variation has not yet been 
considered. For large |ψ| values, the van Genuchten (1980) WRC model can be simplified to a 
power function, with power of mn (Morel-Seytoux et al., 1996). As a result, mn is equivalent 
to the power parameters used in the Brooks and Corey (1964) and the Assouline et al. (1998) 
WRC models (Assouline & Or, 2013). Assouline (2006b) introduced an empirical model to 
relate the power parameter of the Assouline et al. (1998) WRC function to ρb and soil texture 
fractions (sand, silt, and clay contents). In this study, we assume that mn has a relationship 
with ρb and soil texture information similar to that reported in Assouline (2006b), 
 
    
    
 
    
    
  
   
   
 
 
 (8) 
where ε is an empirical parameter that is associated with soil texture fractions. 
2.2 Two Approaches for estimating WRCs for soils over a range of ρb values 
With the above hypotheses, WRCs for soils over a range of ρb values can be estimated 
from a WRC measurement at a reference bulk density (i.e., ρb0) by using Equations (3), (4), 
(6), and (8). The value used for ρb0 can be any specific ρb value. We suggest setting θs0 as the 
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measured θ value at saturation. The parameter θr0, as well as α0 and n0, can be estimated by 
fitting the van Genuchten (1980) model to the reference WRC measurement. In practice, 
however, the curve fitting procedure sometimes produces unrealistically large positive or 
even negative θr values (Groenevelt & Grant, 2001). This is because θr is treated as a freely 
adjustable parameter during the curve fitting procedure, which leads to the possibility of the 
best-fit θr value losing physical meaning (Groenevelt & Grant, 2004). Because the hydraulic 
conductivity at the wilting point (the water content at -1500 kPa) is quite small, which is 
mainly dominated by corner and film flows, it can be considered to be negligible (Assouline 
et al., 1998). Thus, in this study we set θr0 as the θ value determined at -1500 kPa. After 
setting θs0 and θr0 as measured θ values at saturation and at a matric potential of -1500 kPa, 
respectively, the α0 and n0 values are obtained by fitting the van Genuchten (1980) model to 
the WRC measurements at ρb0. Subsequently, θs1, θr1, α1, and n1 values can be estimated with 
the proposed equations. Hereafter, we refer to this approach as Approach 1. 
A second approach is to estimate θs, θr, α, and n values for soil samples at different ρb 
values by using Equations (3), (4), (6), and (7). Because parameters A and B in Equation (7) 
vary with soil types, in order to obtain these parameters, n values at two reference bulk 
densities (for example, ρb0 and ρb1) are needed. A typical way to obtain n0 and n1 is to fit the 
van Genuchten (1980) model to a full range measurement of WRC at reference ρb0 and ρb1. 
However, this approach requires a much longer time than Approach 1, since it takes weeks or 
months to complete the full range of WRC measurements. Here we determine parameters A 
and B using a relatively simple approach that uses a full range measurement of WRC at a 
reference ρb0 and only a single θ-ψ measurement value on a sample with ρb1. First, similar to 
Approach 1, θs0, θr0, α0, and n0 are either set by measured values or estimated using the curve 
fitting procedure from the WRC measurement at ρb0. Then θs1, θr1, and α1 at ρb1 are estimated 
with Equations (3), (4), and (6). A value for n1 is then derived from the θs1, θr1, and α1 
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estimates and the single point θ-ψ measurement on a sample with ρb1 using the van 
Genuchten (1980) model inversely. Next, parameters A and B are obtained from ρb0, ρb1, n0, 
and n1 values by solving Equation (7) inversely. Finally, WRCs at other ρb values are derived 
from θs0, θr0, α0, A, and B with the proposed equations. We hereafter refer to this as Approach 
2. 
For Approach 2, the magnitude of ρb1 should differ clearly from ρb0 (we suggest that ρb0 
and ρb1 have a difference of ≥ 0.2 Mg m
-3
). In addition, the θ-ψ measurement at ρb1 should be 
a n-sensitive value, otherwise large errors may occur in n1 estimation. Figure 1 shows an 
example of modeled WRCs for a sandy loam changing with different n values. Compared 
with the θ values at other matric potential ranges, the θ measurements at -10 to -100 kPa are 
more sensitive to variations in parameter n. Similar results were also observed on finer 
textured soils (data not shown). Thus, a θ-ψ measurement value selected in this matric 
potential range should be used. We suggest using the θ value determined at -33 kPa, which 
has been widely used to approximate the field capacity (Cassel & Nielsen, 1986), for the 
calculation of n1. For most cases in our study, θ values are measured at -30 kPa, since the 
measurements at -33 kPa are not always available. Figure 2 illustrates examples of the two 
approaches for estimating WRCs of soil samples at different ρb values. 
2.3 Soil WRC datasets 
Literature WRC data for 13 soils with wide ranges of texture and ρb along with new 
measurements for another three soils at various ρb values were used to calibrate and verify 
Approaches 1 and 2. Tables 1 and 2 present the basic physical properties and sources of the 
16 soil datasets. The WRC measurements of soils 1-6 and 9-14 were performed on repacked 
samples (Laliberte et al., 1966; Reicovsky et al., 1980; Assouline et al., 1997; Huang et al., 
1998; Assouline, 2006b; Salager et al., 2010; Gao et al., 2012). For these 12 soils, different ρb 
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conditions were achieved by laboratory compaction procedures. The WRC measurements of 
soils 6, 7, 15, and 16 were made on undisturbed soil samples with different ρb from various 
depths in tilled or non-tilled field treatments (Or et al., 2000; Moroizumi & Horino, 2004; 
Gao et al., 2016). For more details about the literature data, please refer to the associated 
references.  
For the new measurements of repacked soils 13 and 14, air-dried samples were well mixed 
with specific amounts of water and placed in plastic bags overnight to allow equilibration. 
Then the soil samples were packed uniformly into stainless-steel containers (height of 5 cm 
and diameter of 5 cm) at the desired ρb values (Table 2). There were three replications for 
each soil and each ρb. The repacked soil samples were then saturated on a tension table 
(Eijkelkamp, Giesbeek, the Netherlands) at 0 kPa. WRCs were determined by equilibrating 
the soil cores to a series of matric potentials: -0.5, -1, -2, -4, -6, -8, and -10 kPa with the 
tension table and -30, -50, -100, -500, and -1500 kPa with a pressure plate apparatus 
(Soilmoisture Equipment Corp., Santa Barbara, CA). 
The undisturbed samples of soil 16 were collected from a long-term tillage experiment at 
the Luancheng Experimental Station of the Chinese Academy of Sciences, located in Hebei 
province of China (Du et al., 2010). Core samples were collected at different depths in the 0- 
to 20-cm soil layer, thus representing different ρb conditions. WRCs of this soil were 
measured using the same apparatus described above. All of the WRC measurements used in 
this study were water-release (i.e., desorption) curves. 
2.4 Model calibration and experimental validation 
The following methodology was used for calibration and validation of Approaches 1 and 2. 
A calibration dataset was used to develop model parameters ω in Equation (6) and ε in 
Equation (8) by curve-fitting the equations to observations. Then, the empirical parameters 
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were applied to Approaches 1 and 2 which were next used to estimate WRCs for soils of the 
validation dataset. 
It is well established that the performance of a prediction model is database-dependent 
(Schaap & Leij, 1998; Pachepsky & Rawls, 1999). Several data splitting approaches have 
been used in the development and validation of pedotransfer functions (Schaap et al., 1998; 
Pachepsky & Schaap, 2004). In this study, the 16 soils were classified into calibration and 
validation groups based on three principles: 1) Both groups could represent a variety of soil 
textures, which was a major factor controlling the WRC shape; 2) Both groups contained six 
repacked and two undisturbed soils, which represented different soil structure conditions; and 
3) Soils used in the validation group had WRC measurements made on samples with at least 
three ρb values because it was necessary for verification of Approach 2. Following these rules, 
WRCs of repacked soils 1-6 and undisturbed soils 7 and 8 were selected as a calibration 
dataset, and WRCs of repacked soils 9-14 and undisturbed soils 15 and 16 were set as a 
validation dataset. Both calibration and validation datasets covered a wide range of soil 
textures (Figure 3). 
Curve-fitting procedures were applied to all WRC measurements of soils 1-8 
independently to derive best-fit α and n values. Table 1 gives the best-fit α and n values for 
all of the WRC measurements of the eight soils. Using the relative α (i.e., α1/α0) and relative 
ρb (i.e., ρb1/ρb0), the optimal ω value was obtained by using a nonlinear regression approach. 
When applying the regression, the lowest ρb of each soil was set as ρb0 and the other ρb values 
were all set as ρb1. For example, ρb0 of soil 1 was 1.50 Mg m
-3
, and ρb1 had values of 1.52, 
1.53, and 1.56 Mg m
-3
. The relative mn (i.e., m1n1/m0n0), relative ρb, and soil texture fractions 
were used to establish an optimal relationship between mn and ρb. 
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The WRC measurements on soils 9-16 were used to validate the two proposed approaches. 
For Approach 1, θs0, θr0, α0, and n0 of a soil were obtained using the WRC measurement at 
the smallest ρb value. We set θs0 and θr0 as measured θ values at saturation and at a matric 
potential of -1500 kPa, respectively, and then fit the van Genuchten (1980) model to the 
WRC measurement at ρb0 to obtain the best-fit α0 and n0 values. For soils 9-12, θ values 
determined at -1500 kPa were not available, so θr0 values were obtained by using the original 
curve fitting procedure. The WRCs at other ρb values were estimated with Approach 1 and 
compared to the measured curves. For Approach 2, the reference WRC was the measurement 
at the smallest ρb, and the θ value determined at -30 kPa on the sample with the largest ρb was 
used to calculate n1. For soil 15, θ at -30 kPa was not measured, n1 was calculated by using 
the θ value determined at the nearest matric potential of -100 kPa. The estimates of WRCs at 
other ρb values were then compared to the measured curves. The root mean square error 
(RMSE) and coefficient of determination (R
2
) between the measured and estimated WRCs 
were calculated to evaluate the performance of the each approach on each sample. 
2.5 Comparison to and extension of existing models 
Assouline (2006b) extended the Assouline et al. (1998) and the Brooks and Corey (1964) 
WRC models by accounting for ρb variations. The Assouline et al. (1998) and the Brooks and 
Corey (1964) model-based approaches were also used and evaluated in this study. Similar to 
Approach 1, the Assouline et al. (1998) and Brooks and Corey (1964) model-based 
approaches estimate WRCs at various ρb values based on the WRC measurements at a 
reference ρb (Assouline, 2006b). Please see the appendix for details about these two 
approaches. For these two approaches, the WRC measurement at the smallest ρb of each soil 
was set as the reference condition, the same as our Approach 1. In addition, the models were 
adapted to further test the validity of Approach 2. The general procedure was similar to the 
van Genuchten model-based Approach 2, i.e., using WRC measurement at ρb0 to derive 
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reference model parameters (see the appendix), using the single point θ-ψ measurement on 
the sample with ρb1 to obtain power parameters μ1 and λ1, and applying a linear relationship 
between these power parameters and ρb. Then, WRCs at other ρb values could be estimated 
with the ρb-related equations. The WRCs of soils 9-16 at non-reference ρb values were 
estimated using the original as well as the adapted models and compared to the measured 
curves. 
3. Results and Discussion 
3.1 Model parameters 
The parameters ω in Equation (6) and ε in Equation (8) were obtained through regression 
analysis. Figure 4 shows the relationship between relative α and relative ρb. The optimal ω for 
the calibration dataset was 3.97, which gives, 
 
  
  
  
   
   
 
     
 (9) 
The value of 3.97 was close to the ω value of 3.82 used in the function between the relative 
ψa (i.e, ψa1/ψa0) and relative ρb (Assouline, 2006b). The R
2
 value for the regression equation 
was 0.91. Thus, a strong relationship (Equation 9) existed between relative α and relative ρb. 
In contrast to the strong correlation between relative α and relative ρb, there was no 
obvious correlation between relative mn and relative ρb. Assouline (2006) related the power 
parameter μ used in the Assouline et al. (1998) WRC function to ρb by adopting a texture 
fractions-related parameter (the ratio between the silt content and clay content, fsilt/fclay). 
When taking the ratio of fsilt/fclay into account, a fairly good relationship was observed 
between relative mn and relative ρb, 
 
    
    
 
    
    
  
   
   
 
                     
 (10) 
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Figure 5 compares the modeled relative mn with Equation (10) to the real relative mn 
values of the soil samples used for the model calibration. The R
2
 value for the regression 
equation was 0.68. Thus, there was a moderately strong relationship between relative mn and 
relative ρb. 
3.2 Validation of Approaches 1 and 2 for estimating WRCs at various ρb 
We introduced two approaches for estimating WRCs under variable ρb conditions. The 
WRC measurements on soils 9-16 with a range of ρb values were used to evaluate the 
performance of the two approaches. Both Equations (2) and (3) can be used to estimate θs of 
soils with various ρb. Figure 6 compares the θs estimates obtained with Equations (2) and (3) 
to the measured θs values of the eight soils. Overall, Equation (2) overestimated θs compared 
to the measured values with an average bias of 0.022 m
3
 m
-3
. This happened because 
entrapped or dissolved air existed in soil pores. The θs estimates obtained with Equation (3) 
agreed well with the measured values with an average bias of -0.006 m
3
 m
-3
. Therefore, 
Equation (3) corrected the errors caused by entrapped or dissolved air, and thus, was used 
with the two proposed approaches in this study. 
Figure 7 compares estimated WRCs (dashed lines) using Approach 1 for soils 9-16 at 
various ρb values to the corresponding measured curves (triangles). The WRC measurements 
of soil 15 were analyzed separately with respect to no-till and ridge-till treatments. The fitted 
WRC (solid line) at the reference ρb of each soil was also included in Figure 7. The RMSE 
and R
2
 values for the comparisons between the WRC measurements and the estimated or 
fitted curves are shown in Table 3. For soils 9 and 13, the estimated WRCs agreed well with 
the measured data. RMSE and R
2
 values between measured and estimated curves for these 
two soils were within ranges of 0.007 to 0.022 m
3
 m
-3
 and 0.96 to 0.99, respectively (Table 3). 
For the other six soils, Approach 1 estimated WRCs showed good agreement with the 
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measured curves in the matric potential range of 0 to -10 kPa. In this water potential range, 
the curve shape was mainly dominated by parameters θs and α, because n played a less 
important role in shaping the curve at large matric potentials (see Figure 2). Thus, Equations 
(3) and (9) produced accurate estimates of parameters θs and α for the eight soils at different 
ρb values. In the matric potential range of -10 to -1000 kPa, however, the estimated WRCs 
using Approach 1 gave relatively small θ values compared to the measured values. With 
respect to the curve shape, the predicted WRCs seemed to have a relatively sharp and narrow 
slope (dθ/dψ) in this matric potential range when compared to the measured data. The slope 
(dθ/dψ) of the WRC was dominated by parameter n (van Genuchten et al., 1991). This 
deviation might indicate an overestimation of parameter n with Equation (10) for the six soils 
(see Figure 2). Despite the errors in θ at matric potentials of -10 to -1000 kPa, overall, 
Approach 1 still produced reasonable WRC estimates for the eight soils at various ρb values, 
with an average RMSE of 0.025 m
3
 m
-3
 and an average R
2
 of 0.94. 
Figure 8 compares estimated WRCs (dashed lines) using Approach 2 for soils 9-16 at 
different ρb values to the corresponding measured curves (triangles). The fitted WRC (solid 
line) at the reference ρb0 and the specific θ-ψ measurement (red star) for n1 calculation at ρb1 
of each soil are also shown in Figure 8. Table 3 presents the RMSE and R
2
 values for the 
comparisons between the measured and the estimated or fitted WRCs. For most soil samples, 
the estimated WRCs showed very good agreement with the measured curves (Figure 8). The 
RMSE and R
2
 values between the measured and estimated curves ranged from 0.006 to 0.026 
m
3
 m
-3
 and from 0.89 to 1.00, respectively (Table 3). Excellent agreement between the 
estimated and the measured WRCs were also observed on the undisturbed samples (soils 15 
and 16) for different tillage treatments (Figure 7). The RMSE for these samples were within 
0.008 and 0.026 m
3
 m
-3
, and the R
2
 values were within 0.98 and 1.00, respectively (Table 3). 
For soils 15 and 16, the samples for various ρb values were collected at different depths of the 
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soil profile. Thus, our approaches have the potential to be used for modeling the spatial 
variations of hydraulic properties in a non-uniform soil profile where soil structure varies 
with depth. A relatively poor estimation of the WRC occurred for soil 12 at ρb of 1.53 Mg m
-3
, 
for which the estimated WRC had lower θ values than the measured curve over the whole 
matric potential range. Gao et al. (2012) reported that this silty clay loam soil displayed 
volume change (decreased in ρb at saturation) during the process of WRC measurement. In 
our study, the ρb data were the initial bulk density values at a dry state, which might lead to 
the WRC errors. On the whole, for all the eight soils, the average RMSE was 0.017 m
3
 m
-3
 
and the R
2
 between the measured and estimated WRCs was 0.97. Thus, Approach 2 provided 
more accurate and precise WRC estimates than did Approach 1. 
3.2 Validation of the Assouline and the Brooks and Corey model-based approaches 
Figures 9 and 10 give comparisons of the WRCs for soils 9-16 estimated with the 
Assouline et al. (1998) and the Brooks and Corey (1964) model-based approaches (dashed 
lines), respectively, to the corresponding measured curves (triangles). The fitted WRC (solid 
line) at the reference ρb of each soil and each method is also included in the figures. For most 
soils, the estimated WRCs from these two approaches agreed well with the measured data in 
the matric potential range of 0 to -10 kPa. In the matric potential range of -10 to -1000 kPa, 
however, the WRC estimates of soils 10-12, 15, and 16 had slightly lower θ values than the 
measured curves, similar to the results of Approach 1. This may have happened because 
model calibration was limited to eight soils in our study, and a similar calibration dataset was 
used in the study of Assouline (2006b) as well. Overall, the Assouline et al. (1998) and the 
Brooks and Corey (1964) model-based approaches gave fairly good estimates with average 
RMSEs of 0.020 and 0.024 m
3
 m
-3
, respectively, and average R
2
 values of 0.96 and 0.92, 
respectively (Table 4).  
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Among all four methods, Approach 2 from this study performed the best, followed by the 
Assouline et al. (1998) model-based approach, Approach 1, and the Brooks and Corey (1964) 
model-based approach. In addition, the methodology used in Approach 2 can be used with the 
Assouline et al. (1998) and the Brooks and Corey (1964) model-based approaches to improve 
their accuracy. Figures 11 and 12 compare the estimated WRCs for soils 9-16 at various ρb 
values with two new approaches to the corresponding measured curves. The results showed 
that by employing the methodology of Approach 2, the Brooks and Corey (1964) model-
based approach gave more accurate and precise WRC measurements than did the original 
approach (Figure 12). The average RMSE of the eight soils decreased from 0.024 to 0.017 m
3
 
m
-3
, and average R
2
 value increased from 0.92 to 0.97 (Table 4). However, for the Assouline 
et al. (1998) model-based approach, the methodology of Approach 2 worsened compared to 
the original approach (Figure 11). The average RMSE for the eight soils increased from 0.020 
to 0.023 m
3
 m
-3
, and average R
2
 value decreased from 0.96 to 0.90 (Table 4). This can be 
explained by the fact that, similar to parameter n, parameter λ in the Brooks and Corey (1964) 
model has a linear relationship with ρb as λ is equivalent to parameter n (λ = n – 1, Morel-
Seytoux et al., 1996). Alternately, parameter μ in the Assouline et al. (1998) model has a 
more complex relationship with ρb than does λ (Assouline & Or, 2013). Thus, the linear 
assumption between μ and ρb failed to produce accurate WRC estimates for soils 9-16. 
4. Conclusion  
In this study, we related the van Genuchten (1980) WRC model parameters to ρb using a 
series of empirical equations. Equation (3) gave more accurate θs estimates compared to 
Equation (2) because the former equation accounted for the entrapped or dissolved air effect. 
The empirical equations for parameters α and n were calibrated using WRC measurements 
from soils 1-8 for a range of ρb values and textures. Two new approaches were developed to 
estimate WRCs of soils 9-16 for various ρb values. The results showed that Approach 1 
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produced accurate WRC estimates for the eight validation soils at relatively large matric 
potentials (from 0 to -10 kPa) but estimated relatively small θ values in the matric potential 
range of -10 to -1000 kPa. Compared to Approach 1, Approach 2 produced more accurate 
and precise WRC estimates over the entire ranges of matric potentials and bulk densities for 
the eight validation soils. The Assouline et al. (1998) and the Brooks and Corey (1964) 
model-based approaches were also evaluated in the present study, and gave similar results to 
our Approach 1. The methodology used in our Approach 2 was also applied to the Assouline 
et al. (1998) and the Brooks and Corey (1964) model-based approaches. The results indicated 
that the methodology of Approach 2 improved the accuracy of the Brooks and Corey (1964) 
model-based approach but failed to improve the Assouline et al. (1998) model-based 
approach. Soil ρb variation had significant effects on hydraulic properties. Approaches 
developed herein can be incorporated into simulation models to estimate transient and 
variable ρb-dependent soil hydraulic properties. 
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Assouline (2006b) extended Assouline et al. (1998) and Brooks and Corey (1964) WRC 
models to take into account the effect of ρb variations. The Assouline et al. (1998) WRC 
model is written as follows, 
                       
                       (A1) 
where δ and μ are two fitting parameters, ψl is the water potential at a very low water content 
(generally using the water matric potential at wilting point, i.e., -1500kPa). Note, the 
Equation (1) used in Assouline (2006b) is typed incorrectly. The correct formula should 
be Equation (A1) in this paper. 
The relative δ (i.e., δ1/δ0) and relative μ (i.e., μ1/μ0) can be related to relative ρb using the 
following equations, respectively (Assouline, 2006b), 
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 (A3) 
The Brooks and Corey (1964) WRC model is given as follows, 
    
                          
      
           
  (A4) 
where ψa is the air entry value, λ is a pore-size distribution index. Assouline (2006b) related 
the relative ψa and relative ρb using the following equation, 
 
   
   
  
   
   
 
    
 (A5) 
The parameter λ is related to ρb by a relatively complicated method. First, you need to fit 
the Assouline et al. (1998) model (Equation A1) to the WRC measurement at a reference ρb0. 
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The WRC can be characterized by the first and second moments, namely, the mean, rG, and 
the variance, σ2, of the fitting function (Equation A1), 
     
                  (A6) 
                            (A7) 
where Γ denotes the gamma function (the calculation of gamma function can be done using 
the formula syntax “= GAMMA(number)” in Microsoft Excel 2013 and 2016). Assouline 
(2006b) showed that a strong relationship existed between λ and these two parameters, 
         
 
  
 
      
 (A8) 
Using best-fit δ0 and μ0 at reference ρb0 and Equations. (A6), (A7), and (A8), the λ0 at 
reference ρb0 was calculated. Then, the ψa0 was obtained by fitting the Brooks and Corey 
(1964) WRC model (Equation A4) to the measured WRC at ρb0. The ψa values under other ρb 
conditions were estimated with Equation (A5), and λ values were derived using Equations. 
(A2), (A3), (A6), (A7), and (A8). 
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Table 1. Texture, particle-size distribution (PSD), particle density (ρs), bulk density (ρb), best-
fit values of α and n in the van Genuchten (1980) model, and sources of the soil datasets used 
for model calibration. 
ID Texture 
PSD 
ρs ρb α n Sources 
Sand Silt Clay 
  ----------- % ----------- Mg m
-3
 Mg m
-3
 kPa
-1
   
1 Sand 90 6 4 2.71 1.50 1.733 8.18 Laliberte et al. 
(1966)       1.52 1.494 10.05 
      1.53 1.581 9.32 
      1.56 1.521 9.12 
2 Sandy loam 54 35 11 2.66 1.22 0.244 4.88 Laliberte et al. 
(1966)       1.28 0.210 4.71 
      1.34 0.170 4.80 
      1.44 0.146 8.35 
3 Silt loam 32 53 15 2.60 1.32 0.144 4.07 Laliberte et al. 
(1966)       1.40 0.118 4.71 
      1.48 0.100 5.12 
4 Loam  48 34 18 2.65 0.99 0.423 1.55 Reicovsky et al. 
(1980)       1.18 0.155 1.77 
      1.32 0.110 1.75 
      1.59 0.044 2.18 
5 Clay 2 17 81 2.88 0.96 0.277 1.80 Assouline et al. 
(1997)       1.27 0.113 1.31 
6 Sandy loam 87 2 11 2.65 1.26 0.325 3.18 Assouline 
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      1.41 0.248 3.10 (2006) 
7 Clay 30 10 60 2.65 1.06 1.132 1.79 Or et al. (2000) 
      1.22 0.715 2.00 
8 Sandy loam 70 21 9 2.47 0.68 1.083 1.29 Moroizumi & 
Horino (2004)       0.89 0.204 1.45 
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Table 2. Texture, particle-size distribution (PSD), particle density (ρs), bulk density (ρb), and 
sources of the soil datasets used for model validation. 
ID Texture 
PSD 
ρs ρb Sources 
Sand Silt Clay 
  --------- % --------- Mg m
-3
 Mg m
-3
  
9 Sandy loam 53 37 10 2.65 1.75, 1.77, 1.80, 1.82 Huang et al. (1998) 
10 Sandy loam 72 18 10 2.65 1.32, 1.43, 1.58, 1.71, 1.84 Salager et al. (2010) 
11 Loamy sand 88 5 7 2.66 1.50, 1.58, 1.67 Gao et al. (2012) 
12 Silty clay loam  18 52 30 2.61 1.24, 1.53, 1.80 Gao et al. (2012) 
13 Loamy sand 85 9 6 2.65 1.44, 1.50, 1.55, 1.60, 1.70 New measurements 
14 Silt loam 18 57 25 2.65 1.09, 1.19, 1.29, 1.38 New measurements 
15 Clay loam (N) 24 45 31 2.65 1.38, 1.56, 1.55, 1.57 Gao et al. (2016) 
15 Clay loam (R) 24 45 31 2.65 1.19, 1.26, 1.43, 1.52 Gao et al. (2016) 
16 Silt loam 14 66 20 2.65 1.22, 1.32, 1.47, 1.56 New measurements 
N = No-till and R = Ridge-till. 
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Table 3. The root mean square errors (RMSEs) and coefficient of determination (R
2
) values 
between the measured water retention curves and the fitted curves of soils 9-16 at the 
reference bulk densities (ρb) (underlined numbers) or estimated curves at other (non-reference) 
ρb conditions using the van Genuchten (1980) model-based Approaches 1 and 2.  
ID Texture ρb 
Approach 1   Approach 2 
RMSE R
2
   RMSE R
2
r 
  Mg m
-3
 m
3
 m
-3
    m
3
 m
-3
  
9 Sandy loam 1.75 0.004 1.00   0.004 1.00 
  1.77 0.007 0.99   0.006 0.99 
  1.80 0.008 0.99   0.009 0.99 
  1.82 0.009 0.99   0.008 0.99 
10 Sandy loam 1.32 0.011 0.99   0.011 0.99 
  1.43 0.018 0.97   0.018 0.98 
  1.58 0.038 0.90   0.022 0.94 
  1.71 0.036 0.81   0.019 0.89 
  1.84 0.022 0.82   0.011 0.91 
11 Loamy sand 1.50 0.018 0.96   0.018 0.96 
  1.58 0.025 0.97   0.013 0.98 
  1.67 0.031 0.89   0.023 0.95 
12 Silty clay loam  1.24 0.015 0.98   0.015 0.98 
  1.53 0.047 0.91   0.024 0.98 
  1.80 0.021 0.76   0.011 0.94 
13 Loamy sand 1.44 0.012 0.99   0.012 0.99 
  1.50 0.013 0.99   0.015 0.99 
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  1.55 0.020 0.97   0.023 0.96 
  1.60 0.022 0.99   0.019 0.99 
  1.70 0.021 0.96   0.024 0.95 
14 Silt loam 1.09 0.011 0.99   0.011 0.99 
  1.19 0.025 0.97   0.020 0.98 
  1.29 0.034 0.97   0.025 0.99 
  1.38 0.020 0.98   0.011 0.99 
15 Clay loam (No-till) 1.38 0.009 0.99   0.009 0.99 
  1.56 0.027 0.98   0.012 1.00 
  1.55 0.023 0.97   0.012 0.99 
  1.57 0.023 0.98   0.008 0.99 
15 Clay loam (Ridge-till) 1.19 0.011 0.99   0.011 0.99 
  1.26 0.027 0.98   0.017 0.99 
  1.43 0.028 0.96   0.015 0.98 
  1.52 0.041 0.95   0.026 0.99 
16 Silt loam 1.22 0.024 0.97   0.024 0.97 
  1.32 0.029 0.95   0.020 0.98 
  1.47 0.035 0.93   0.018 0.98 
  1.56 0.036 0.89   0.026 0.98 
 Average  0.025 0.94   0.017 0.98 
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Table 4. The root mean square errors (RMSEs) and coefficient of determination (R
2
) values 
between the measured water retention curves and the fitted curves of soils 9-16 at the 
reference bulk densities (ρb) (underlined numbers) or estimated curves at other (non-reference) 
ρb conditions using the Assouline (A) et al. (1998) and the Brooks and Corey (B&C) (1964) 
model-based approaches and the new A and new B&C model-based approaches.  
ID Texture ρb 
A model-
based 
 B&C model-
based 
 New A 
model-based 
 New B&C 
model-based 
RMSE R
2
  RMSE R
2
  RMSE R
2
  RMSE R
2
 
  
Mg 
m
-3
 
m
3
 m
-3
   m
3
 m
-3
   m
3
 m
-3
   m
3
 m
-3
  
9 
Sandy 
loam 
1.75 
0.005 1.00  0.009 0.99  0.005 1.00  0.007 1.00 
  1.77 0.006 0.99  0.008 0.99  0.006 1.00  0.006 1.00 
  1.80 0.007 1.00  0.007 0.99  0.012 0.99  0.008 1.00 
  1.82 0.008 0.99  0.010 0.98  0.015 0.99  0.010 0.99 
10 
Sandy 
loam 
1.32 
0.011 0.99  0.014 0.99  0.011 0.99  0.008 1.00 
  1.43 0.016 0.98  0.025 0.94  0.017 0.99  0.018 0.98 
  1.58 0.030 0.93  0.042 0.83  0.026 0.93  0.021 0.96 
  1.71 0.029 0.85  0.033 0.73  0.020 0.89  0.016 0.91 
  1.84 0.016 0.88  0.017 0.76  0.018 0.79  0.011 0.93 
11 
Loamy 
sand 
1.50 
0.018 0.96  0.018 0.96  0.018 0.96  0.014 0.97 
  1.58 0.025 0.96  0.027 0.94  0.022 0.96  0.014 0.98 
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  1.67 0.030 0.88  0.031 0.84  0.043 0.55  0.016 0.92 
12 
Silty clay 
loam  
1.24 
0.015 0.98  0.015 0.98  0.015 0.98  0.010 0.99 
  1.53 0.040 0.93  0.040 0.86  0.032 0.93  0.025 0.97 
  1.80 0.014 0.80  0.012 0.70  0.020 0.04  0.012 0.93 
13 
Loamy 
sand 
1.44 
0.013 0.99  0.015 0.99  0.013 0.99  0.015 0.99 
  1.50 0.013 0.99  0.012 0.99  0.014 0.99  0.013 0.99 
  1.55 0.020 0.97  0.020 0.98  0.021 0.97  0.022 0.98 
  1.60 0.020 0.99  0.014 1.00  0.020 0.99  0.012 1.00 
  1.70 0.021 0.96  0.027 0.94  0.020 0.96  0.029 0.94 
14 Silt loam 1.09 0.012 0.99  0.026 0.97  0.012 0.99  0.026 0.97 
  1.19 0.020 0.98  0.019 0.98  0.020 0.98  0.017 0.98 
  1.29 0.024 0.99  0.023 0.98  0.024 0.99  0.018 0.98 
  1.38 0.011 0.99  0.013 0.98  0.010 0.99  0.011 0.98 
15 
Clay 
loam 
(No-till) 
1.38 
0.006 1.00  0.017 0.98  0.006 1.00  0.017 0.98 
  1.56 0.026 1.00  0.027 0.97  0.033 0.93  0.011 0.98 
  1.55 0.021 0.99  0.022 0.97  0.031 0.91  0.011 0.99 
  1.57 0.021 0.99  0.024 0.96  0.024 0.94  0.012 0.97 
15 
Clay 
loam 
(Ridge-
till) 
1.19 
0.003 1.00  0.020 0.97  0.003 1.00  0.018 0.98 
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  1.26 0.026 1.00  0.035 0.95  0.022 0.99  0.020 0.97 
  1.43 0.023 0.98  0.034 0.92  0.030 0.92  0.019 0.96 
  1.52 0.036 0.98  0.044 0.91  0.046 0.88  0.027 0.97 
16 Silt loam 1.22 0.021 0.98  0.034 0.95  0.021 0.98  0.034 0.95 
  1.32 0.019 0.98  0.034 0.94  0.015 0.98  0.031 0.96 
  1.47 0.015 0.98  0.024 0.95  0.019 0.97  0.021 0.98 
  1.56 0.016 0.97  0.024 0.93  0.027 0.96  0.028 0.98 
 Average  0.020 0.96  0.024 0.92  0.023 0.90  0.017 0.97 
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Figure 1. Examples of modeled soil water retention curves with various n parameter values, 
where  is soil water content and  is soil matric potential. 
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Figure 2. Examples of Approaches 1 and 2 for estimating soil water retention curves at 
various bulk density (ρb) values, where  is soil water content and  is soil water matric 
potential. Other parameters are as defined in the text. 
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Figure 3. Texture classes of the soils used for model calibration (soils 1-8) and validation 
(soils 9-16). 
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Figure 4. The relationship between relative model parameter α values and relative bulk 
density (ρb) values for soils 1-8. The solid curve is the regression with Equation 9. 
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Figure 5. Modeled relative mn values of soils 1-8 using regression with Equation (10) 
compared to the real relative mn values. 
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Figure 6. Modeled saturated soil water content (θs) values obtained with Equations (2) and (3) 
compared against measured θs values. 
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Figure 7. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values using Approach 1 compared with corresponding measured data (triangles), 
where  is soil water content and  is soil water matric potential. The solid lines and circles 
represent the fitted curves at the reference ρb and the corresponding measured data, 
respectively. 
 
  
© 2018 American Geophysical Union. All rights reserved. 
 
Figure 8. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values using Approach 2 compared with corresponding measured data (triangles), 
where  is soil water content and  is soil water matric potential. The solid lines and circles 
represent the fitted curves at the reference ρb and the corresponding measured data, 
respectively. The stars represent the measurements used for calculation of model parameter 
n1. 
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Figure 9. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values using the Assouline et al. (1998) model-based approach (see Appendix) 
compared with corresponding measured data (triangles), where  is soil water content and  
is soil water matric potential. The solid lines and circles represent the fitted curves at the 
reference ρb and the corresponding measured data, respectively. 
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Figure 10. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values using the Brooks and Corey (1964) model-based approach (see Appendix) 
compared with corresponding measured data (triangles), where  is soil water content and  
is soil water matric potential. The solid lines and circles represent the fitted curves at the 
reference ρb and the corresponding measured data, respectively. 
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Figure 11. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values combined using the Assouline et al. (1998) model-based approach (see 
Appendix) and Approach 2 methodology compared with corresponding measured data 
(triangles), where  is soil water content and  is soil water matric potential. The solid lines 
and circles represent the fitted curves at the reference ρb and the corresponding measured data, 
respectively. The stars represent the measurements used for calculation of model parameter 
μ1. 
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Figure 12. Estimated soil water retention curves (dashed lines) of soils 9-16 at various bulk 
density (ρb) values combined using the Brooks and Corey (1964) model-based approach (see 
Appendix) and Approach 2 methodology compared with corresponding measured data 
(triangles), where  is soil water content and  is soil water matric potential. The solid lines 
and circles represent the fitted curves at the reference ρb and the corresponding measured data, 
respectively. The stars represent the measurements used for calculation of model parameter λ1. 
